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The ecne ^coding b^eriophng* T7 RNA ^^J^l}^^"f^ ^S^^SZ 

consisting "^rely ° r pn>k»nj*e ^^^^^^{^^Tl ^ pAm-our; othef^teTuncwimiltad 
^ensary to cnilroct a stable recombinant vaednia ' 5 the fiere encoding the repressor 

«pr«*ion led to interference with endogenous virus ^hc^on. To this cna^^^^^K^^ 
^taofthe An, op*™* was fased to a viral r.rty/ktr P^"j^ " "Jl* ^^^^^99^ 
XT J™, operator ioterpos*! between a the indacer 

Isopropyl-p-^-thloBfllactopyranosidt (IFTC), was ■»™ n f?- 4 A " S!^T^X„ o7, t,. viral ee^ome containing 
cZroned Wl»«««id«e reporter gene was r«o»bi»ed ,nto ^toeM ^refiton * rf induOT ? 

Tfccn.I. A stable, double r^mbi^nt virus was uolated -dp» J? Tof IPTG induced 



Trtutseriptional and regulatory elements from viral or 
eukaryotic sources have been used extensively for the 
production and characterization of recombinant proteins ■ m 
mammalian cells (16). These eukaiyouc exprc^ion vc^ 
rypically carry genetic elements which confer drug rcsis- 
lance the ability to replicate autonomously, and regulatory 
to the target gene of interest. Although use of 
mammalian cells is essential in many instances tor the 
s^hes* of biologically active tukarvoiu: t"*^*** 
transformants are oftentimes difficult to construct and target 
p£Teins may be expressed at t^atrvc* »™J^»^ 
barison with their bacterial counterparts. Moreover If tight 
regulation of transcription is required for the expr^onot 
specific protein sequences, regulated eukaryotic t^nsenp- 
tfon systems such as the metallothiooein promoter , (2. 21 lor 
the mouse mammary tumor virus promoter (17 19) may not 
be suitable, since tney are leaky under nomnduced^ndi- 
tions and show rather modest l^efe of ."J*^"- °* 
other hand, promoters that are highly induc.b e such ^ 
those responsive to glucocorticoid hormones (18). require 
th^presenee of hormone receptors in the ecll thereby 
r«trlctln« the range of cell types that can be used As an 
^&%S^k * wiorhost range 
expression system incorporating desirable and highly ref- 
utable prokaryotic transcfiptional elements might have im- 
^c^t advantages- For Instance the high catalytic actr^ty 
hTducibiliry. and promoter specificity of several ProVaryotic 
Unseript^nsysrinis have been wcfl charactemed. Thus, a 
eukaryotic expression system rncorporating favorable tran- 
scriptional components from bacteria may offer a highly 



1 Corresponding author. 



specific and efficient method for the biosynthesis of mam- 
malian cell-derived proteins, ' 

In previous reports (12, 15), we described a chimeric 
system that provides useful expression of recombinant pro- 
teins. This system, referred to as the hybrid Vac/T7 system, 
is based on confection of cultured cells with two recombi- 
nant vaccinia viruses: one recombinant virus provides con- 
stitutive expression of bacteriophage T7 RNA polymerase 
which transcribes a T7 promoter-controlled target gene in 
the second virus. Although the Vac/T7 system has been 
widely used, inherent limitations exist. While the require- 
ment for two viruses may be advantageous under some 
cire-imstances (e.g., expression of toxic proteins), « adds to 
the expense and complicates the protocol. For instance, 
optimal levels of expression are dependent on cells being 
Sfected with similar amounts of each virus. In addition, 
differential rates or virus replication may limit the ability to 
establish a spreading infection at a low multiplicity of 
infection (MOI). Out attempts to simplify this two-v»rus 
vector system by making a single recombinant vaccinia virus 
containing both T7 RNA polymerase and T7 promoter 
elements have been unsuccessful, presumably because of 
interference with viral transcription and/or replication. U 
expression of 17 RNA polymerase could be negative* 
regulated and induced upon command, a single-virus expres- 
sion system may be feasible (24). . 

Here we describe the development of a vaccinia virus 
expression system composed primarily or prokaryouc tran- 
te^ptlonal elements. A»W«l*w fJ^St 
has been reported previously (1). The genes that encode the 
T7 RNA polymerase and regulatory elements from the 
Escherichia coU lactose operon were inserted into the ge- 
nome of vaccinia vims. A recombinant vaccinia virus that 
constiiuuvcly expresses the lac repressor was constructed, 

2934 
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and the activity of T7 RNA polymerase was ^ 
%£%S£££tL actriity ,ft7 ^^»cw- 

SSk SESSEi SRctimbinant was isotated 

m!m titer Induction if P-CAL expression could be detcr- 

mtaed to the point at which the virus ceased to replica *. In 

™ht«mu 0 Sn, we demonstrate 

developing chimeric expression systems in mammalian ceils 

for the production of recombinant proteins. 

MATERIALS AND METHODS 



REGULATED VACCINIA V1RUS-T7 RNA POLYMERASE SYSTEM 



2US 



J£5E* add (MPA) wa, obtained^ 
7?iw~.hm Cam - bvDOxanthuie and xanthine were oe- 
? ^f™m Si^' Comical Co. MPA and xanthine were 
SssoNed ^ O.Tn nToS Tnd hyppxanthme was dissolved 
? n ^£r and sterile filtered; the solutions were stored frozen 

^^nu ^Vaccinia virus {strain WR) wason^al* 
obStn. the American O""u^ll«uoru t*op- 
seated in HeLa cells, and punned as '^T^J^^S 
1201 HcLa cells S3 were grown in Eagle minimal essential 
SStaS (EMEM) supplemented wKh » J" «~ «S 
man thymidine lunase-negatrve (TK. ) 1*3 ^''s Ijo j wcit 
gZmTEMEM containing 10% ,™ V S 
nnd 25 liaof 5-bromodeoxyuridina (BUdR) per ml. CV-l ana 
KcTl cflte weTgxowr. ir?Dulbcc« modified Eagle medium 

^et^co^Sfo. The sequence immediately 
of translation start site from TJsencl ^ modified by 
M13 olieonocleoiidi^directed mutagenesis (11) » 
the noteniial upstream Shinc-Dalearno sequence (GAGG) as 
£S3 by Stahl and Zinn (26a) and to.nscn umque 
Marietta enzyme sites. To accomplish this construction, 
TO™"? was^xeiscd from pAR1173 (5) w,lh BamHI as a 
rSbp PNA fragment and inserted into the BbjtiHI site of 

ftricri™ sUel (underlined). The flfgfll site abuts the 5' end of 
TAAAIQ where the thymidine (boldface) corresponds to T7 
rmctaortde 3168 <©) aiJthc T7 RNA polymerase ■«™**«* 
«ait site is underlined. The mutagemzed, sinde-stianded 
temVa^ ww convened to the ^™*°^* a £*£t 
techniques, and the phage were screened by plaque assay 
wUh Ae kp-labelcd mutagemzine oligonucleotide a» a 
«r^^trve' plaques were identified, and the mutagenesis 
^coS^'tricuon enzyme and DNA sequence 
analyses Reolicaiivc form DNA was prepared from the 

SirC termed ™^J^<£%Zl 
P TF7genel in Fig. 2). A second modificauon of ^"^^ 
•JrfeSnad bv M13 olteonuclcotide-directed mutagenesis to 



ative change in the third codor. from a threonine to a serine 
w^out any apparent change in T7 RNA por/rnsrase actrv- 
^ CSV-torm DNA was prepared from the positive 
gagVand was termed RFoipTFTgenel-Eco - C^»ucu« i of 
recombinant plasmids pT7lac01 and P PllT7genel is de- 
scribed in the legend to Fig- 2. . . . . - bhB 
To generate the transfer vector. pVacHAgpt, a 1.8-kbp 
SallJnrtUl DNA fragment containing the vaecmla virus 
Stain WR] hemagglutinin (HA) locus was inserted mm, fce 
£ w Rl^ndMI sites Of P UC19, in which the and £eoRl 
sites were made flush with Klenpw polymerase. The reftult- 
tafveetOT was termed pTFHA- A set of complementary 
oHgSeotides containing a rnulti^ C tonin 8 site w.th the 
reaction enzyme sites Sstl, ^i^?*^2^^*J2£ 

f^^^ Ar^ACTGAAlTC-3 ' ; 5 -O AATTCCCAO 

gTC^G^C^A^^CGOAOCCCCGGGAOCTC- 
3') were annealed and inserted into *e unique^ Nrul site m 
p TfE£ The multiple cloning site bisected the HAgeoc. and 
?hV recombiuant plasmld. pVacHA^as isolated aod pun- 
fied A 2.1-kbp iccRl-Safl DNA fragment containing the 
tac^aS-gine encoding guanincJrypoxanth ine phospho- 
rSrraKase (25) reguJated^ the vacem«vul« irU 
promoter was excised from P TKfil-gptAB«mHI (9) and 
C to EcoRI-Safl-cleaved pVacHA to create the vac- 
cmia vhus transfer vector, termed pVacHAgpt. 

Kecomblnant virus hniatloi.. Recombinant viruses 
vTTlacOI and vPHT7 gC nel were ^ ^ cScn ^ 

previously (20) by homologous recombination mto the TK 
^^selectton for TK" phenotypes inthe presenccol 
BUdR- To generate the recombinant virus vT71acOIZ, CV-l 
cells 13 were infected with 0.5 PFU of vHlacOl per 

«U and then transited with a calcium prec.paate 
consisting of 10 « of supercoiled pPTTlacZ DNA, 1 « of 
vTTlacOI DNA, and 14 m* of sheared calf thymus DNA. 
After 48 h. virus stocks were prepared by resuspending he 
infected cells in lml or medium and freezing and thawmgthe 
mixture three times. Selection far Ttcombii-ant viruses con- 
taining the bacterial gpt gene was accomplirfied by three 
successive rounds of plaque formation on BSC-1 cells m the 
presence of EMEM containing i5% FBS, Mrt^^Pjr 
ml (CalbiochemX 250 p-g of wmthijiE per ml. and If < v* ol 
nCjSanthine per ml (9). The gp*' vfauses obtained were 
ttenplated on BSC-1 cells without selection, and DNA from 
isolated viral plaques were analyzed by I~»y»f^*= «"2 
reaction and agarose 8*1 electrophoresis for the inserted 

Tg1£ assay. Infected or transected BSOl cells (10») 
were grown in 2 ml of EMEM (without phenol «d) fontam- 
ina 2.5% FBS. The infected cells were harvested, 100 yj of 
CTJO, and 10 al of 10% (wtrvol) sedtam dodccyl solfaie 
were added, the cells were dispersed by vonexmg, and ftc 
rnSturc was ceotrih. e ci to remove cellular debn* " The 
Su^matant was assayed for P-GAL act^by 
tropherryl-B-r^actopyranosule as 
/231 The reaction was performed in a 96-we" mKID T' 
n^ c and The yellow color was qu-ntltated by measuring 
51 whh a Wneuc microplate reader (Molecular Dev**s). 
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RESULTS 

Sft ^^taef a T7 P^oter-oonoolted target gene (Kg t). 
We fT?hat rcgulaSon of T7 RNA polymers e^esaon 
winewssary.as previous attempt* to cornet a«eM- 
btaLMv^nta vim containing both T7 RNA polymerase 
^ a T^ oromote^ptrolled target gene ^unsuccessful 
a^icVuy^eemBe of the low viability of the double recom- 
SSS S£U smnll amount, of T7 VH ^r*^ -» 
direct most of the resources of an £. coh cell toward 

dSevent was occurring, thereby .mpcdwg "If^M 
^recombinant virus to replicate. Therefore, 
Sc STor components from the £ «* lactose q£*"»**S 
for the Inc repressor (toe/) and its cognate operator scquenoe 
[&<$) to r£S35r*e T7 RNA polymerase. Oar objectrve 
^Ssto construct a recombinant vaccinia virus that oonsutu- 
rJ^exroesscd tee/ and that contained an appropriately 
pTaced operator sequence strategically pos-lioned be- 



tween a vaccinia virus late promoter (PU) and tba on*** 
sequence for T7 RNA polymerase (77«ene/). U 
repression of T7 RNA polymerase was achieved, then stable 
insertion of a T7 protnoter^ontrolled target gene co«Wte 
maintained in a second location in the viral ^ me -J£ d "f- 
tion of 17 RNA polymerase expression would then result in 
significant T7 pronWspeofic transcription tni.tat.on and 

l ^rf SSttc^ression of T7gaurl, we first modified an 
expressUm vector that contained a toe/ gene under ^irolof 
the vaccinia virus early/late P7.5 promoter u> allow the inser- 
tion of secondary gene cassettes (r^acImJFfc. ^^"^ 
the P7-5 promoter because it is transcripts nsdly active at 
early and late times after Infection (29), thereby permitting 
dilutive toe repressor expression throughout the course of 
Sec^BarKeTstudies demonstrated the utility of irus ap- 
pSTm that a recombinant virus, vlacl cootairung l*cl 
stably integrated into the TK locus under the control of the 
fSromoter, was nsed to sticcessfulry Synthesize the fane- 
UonX*«lve repressor in infected celts. The "»°»°»J * 
r^rcssor ^rprcsseVi inhibited the expresston of a vacc^a Vb™ 
PWmoWi^e^PwTtor^cZ gene fusion by up to 99.9ft (13). 
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REGULAT£0 VACCINIA V1RUS-T7 RNA POLYMERASE SYSTEM 2W 

B. 




insert T7genoi 
Into pKB3 as an 
EcoRi fragment 



T79Ct*l -*p| J P7.S 

vT71ac01 



pn 

vPUT7gcnel 



FKL 2. Construction of recomlnnam vacdni* viruses which ^^^^ 
flidUU* by in^nine an IS-bp linger ^SfilSfSK ate—lfe^ - U* 

compatible fragment, containing ^ va^W virus ^SaT w« inserted hSo tteBgfll and Soil sh e* of pla CUn to create 
co^plemenury end overlapping D ^ nu ™^^ *A1, 
placOT- Tbe sequences of tnc^^^u^t^^e 5^AG^ for 
^ATOCTaUaaTAC^^ constructed by de*vi„g placOI 

BA6. and 5'-TGGATAAAA«ATA^ ^^TrrorrTp^g^ncl in which the Shine-DDlgarno fragment 

with fisil and B S il\ and inserting a 2.7-kbp ftrl^lU ™^?J?rSm h^So^rcOTnlination 120), creating the recombinant vims 
wos removed. P T7Uc01 was inserted into the vaccinia t 6lrai *™*>J* represents tbe 



We ihen wished n place a synthetic fccO adjacent to a late 
promoter so that repressor binding would block tians^puon 
yet not severely disturb traiiscription in the absence of the 
repressor. The optimal site for placement of the synthetic 
iatO sequence, relative to a vaccinia virus late promoter, 
was previously described (13). Positioning of * 22-bp 

paundrome, immediatery downstream of the highly con- 
served TAAAT motif of late promoters satisfied these crite- 
ria. The vaccinia virus rate promoter for the gene encoding 
the 11-kDa structural protein (PU) was usedui these studies 
and the hybrid promoter was referred to as PlllacO- A set of 
four overlapping and complementary oligonucleotides en- 
compassing PlllacO were annealed and Inserted into the 
Bgm-Sall sites of placlm to create ptacOt coding 
sequence for T7genei, excised from pTF7gcncl .n whteh the 
Shine-Dalgarno motif was removed and a unique BgYll sue 



was inserted, was juxtaposed immediately downstramof 
PlllacO, and the resulting plasniid was termed pT7lacOI 
(Fie ZA). It was necessary to remove the Shinc-ualgarpo 
sentience immediately upstream of the translation sian site 
of 77g€tieJ to permit fusion with the Pll promoter and 
subsequent propagation of the recombinant plasmid in E. 
«tf -Since the Pll promoter is transcriptionally active m £L 
coU, presumably, the 17 KNA polymerase «q™*sed » tmnc 
to the cells (14a). In this configuration, the synthetic toe 
operator sequence was placed two bases dcr^sirc^of toe 
r>Ja start site of T7$eneJ. In addiUon^a recombmam 
plasmid, termed pPlll^encl, in which TTgeneJ was fused 
to So naturally oc*urrir| imitation start siteof Pll whach 
overlaps the TAAAT(G) sequence motif (Fig; 2B), was 
constructed. Although the presence of a guanosme immedi- 
ately following TAAAT is not essential for late transcnpUon, 
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sion by miw^^^ Sructed to compare 
SK^o^A^^ exposed from the 

natural and ^l^p^'SSySe «pr«*l«.. To deter- 
?**?5Ll fjnJSc&SSaTSiti* by pTVlacOl and 
Sn-^SSST iSTfc«SS2S acuve, VrecomWnam . 

pPHT7gcncl WOT '"^^-^-ly i nlo wild-type vaccinia 
plasmids were «^^ c ^ c ^^^ Sis assayed, 
virus-infected cells, and ^J^~^X™rLifc crorcssion 

•n rka oolvmerase appeared to be reguiaiea, vm j«v- 
ILdSd to SSnict recombinant viruses containing these 
LSc^ iSertisd into the TK gene by homologous 
gene c^s*"™ recombinant viruses, designated 

** £S2 ^£2mmZ*u*ta vitro was determined by 

Ea^ffiS. ^adc^ cete infected with vlael. vTTlac 
0° or ^i™vC: Extract, bo.h th. / fl c/- 

^;,M^evlrusc* retarded the mobility of the probe (Fig- 3). 
! rS^SS22SS. complex emigrated with the complex 
fo^Km ita association Of the authentic repressor 
tonpea nu™ known amounts of punned 

^"fo w«c ^ Sdard, we emulated by densi- 
repressor were U ™L^ , - iq 7 rcDressor letraroers per 
IS SSffSSSa 'irfe^on.^corre.poods ^ 
i»7»iv 1 MO active tetraroers for each replicated 
vSr^ git icemen, with previously re- 

P °To*dSm^cno magnitude of repression of Tj r *N£ 
•Jvrrirase and subsequent induction of expression, cells 
SSdwi^, either vT7l-c01 or vPllTTgencl ^rnthe 

1™m Lo^a^Tthc unmodified Pll promoter fused to 
f^TcSX&JS -ere prepared anTtested i, ivUro for 
T7RNA polymerase activity. In the absence of rPTaT^ 

55 -SLJ^Sf ipto the level of T7 RNA polymerase activity 
So^ton in cells Infected with vPUT7genel. 

to incnpomu J rSEJL&i A new transfer vector for 
recombinant virus, v 1 ziacui. nww 
Insertion into the HA locus was «»*n*i»4 i "i?^3E5» 
' J; elements were already inserted into the TK locus- 
S have shown that foreign gene insertion into 
tiTSZ^y^ HA locus does not interfere with the 



infected cell extracts 

f -a * -5.^*22 

a. — *- """ ~ ' 



tag) 




CTr , * Mobilitv Shift col of lac repressor binding to lacO- 
A^lmau* x It. 7 CV-1 cells were infected with vlacl. 
A ^.^T ™^ld-ivpc vaednla virus ac an MOl of 10. Cells were 
bSSSd S^b "^Son, aad eyloplesmle ^ctfens were 
S^^Jdescrnjed previously (13). Extras (1 and 10 i^) were 
ffi^^1aDeled!doubleJ^aded 

If^ariftrf ETofifac repressor protein we* mixed »i'h probe and 

later] I bv 8% polyaciylaiaidi: gel electrophoresis and exposed to 
X^«jAChJd, lac represser bound to lacO probe. 

ability of the HA rccomoinant virus to replicate in vitro (10). 
To £e?CM^Tpot«nttel problem of selectfo^ and retcn,** 
o?ua»et gene sequences in the HA locus, the E. cob apt 
RerS^kr control of the vaccinia P7-S promoter was used 
ir/cSant selectable marker <?). Since ^ 
aad vaccinia vims cannot use xanthine for GMP synthesffl 
wherTdT novo purine synthesis is blocked, , e., rn ite 
presence Of MPA, vaccinia virus expression of gpt can 
S^come this block and allow replicatior. to contmuc. T*e 
I^facziU encoding p-OAL was chosen as a reporter 
t^caW thetssay is quantitative and there f™£^£ 
backSound of 3-GAL m mammalian cells (IS). Mojeover 
Swp-^ed that mductioo of blue plaque formadoo, «nthe 
™».Lnce of inducer and the chromogemc substrate 5-bromo. 

be used for screening- Therefore, an ^ nio ^"°l 1 Z^ 
constructed, termed pPTTlacZ, containing these Bcnetic 
^mefltswith tocZ fused to a T7 promoter (F«- 4) Cells 
S S vTVlacOl (Fig. 2A) were bansfccted with 
3rT7tocZ, and 2 day» later, cell lysatc* were rrreparei I and 
f^Mrton BSC-1 rnonolayets hi gpt selection medium. A 

Sted, plaque puriHed three times, and growp to a h ^ t . ten 
To test the irrducibiUty of this system, BSOl eel mono- 
, ' J^L infected with 50 PFU of vT71ae01Z with or 
wfth«n^? a^ Plaques were stained for p-CAL actmty 
ihTorescnce of X-^l. Af shown at the bottom of Fig. 4. 
„ o IPTO, plaques displayed a falnl sta.n.ng 
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TABLE 1- Regulation 



REGULATED VACCINIA V1RUS-T7 RNA POLYMERASE SYSTEM 
<rf T7 RNA polymer expression from vTTlacOMnfcCitd cells- 



2939 



Promoter jo rid km 
sequence 



MOl 



com o t »P mcorporettd (ft expression)* 
Wkbwi 1PTG WiihlPTO 



Induction 
<fotd) 



vT71acO! 



PU-TAAATA-Op-T7gCP«l 
P11.TAAATG-T7geael 



10 
1 

0.1 
10 



1371 (0.72) 
1,600 (0.84) 
2,671 (135) 
190,480 (10O) 



111,811 (58.7) 
88,192 (463) 
44,572 (23-4) 

189327(99-5) 



81.6 
55-1 
16.7 
None 



vPllT7gcnel P 11*TAAAT&-T7gea«l — MO l CcO frsatc* ^rc pupated 24 h aficr 

* ExptESsRw values M* fiW ** ,bc am<n ^ v ^ ' 
maximum activity ©biaiucd- 



patiern. presumably bacavse of the very ^o^ d^We. 
Evs! or T7 RNA polymerase expressed (see ™**k 
However plaque* formed in the presence of IPTG 
• Sh JtS hlu« v/hen 1PTG was added at the time of 

iX^lnTact ™Sof vi w« when 
?SS iiMt?Sw * early or l» times af*r Infect™. 

a people "-"^^JSSTvK 

thca determined the concentrator, of IPTG »J*M« v ^ 
replication became compromised (Fig- »)- ^ u « 
llM IPTG began to inhibit vims replication, and SO uM IrTU 
!t^mr,l««lv Polished formation of infectious virus. 

?o P Smipe Ac oonc«ntr»tlon of IPTG that would result 
in mSm InhibitiOTi of virus replication y« ^"J^ 
hiehest level or p-OAL expression, several doses of ! IPTO 
wlrclestcd tor induction- P-GAL activity present » lywtes 
«r rUri cells inrccled 24 It earlier with 10 PFU of 

measured quantitatively as described m Materials awlM«J- 
ods A maximum level of expression was obtained ^ 
15 iiM IPTG, which was found to have a small "hibitory 
cffecTon vTTlacOIZ replication. At this, concentration of 
IPTO T 5- to 10-fold induction of 3-GAL a ctrv.ry was 
rlseo/ed These results demonstrate that a high degree of T7 
Rl^lyrflcrSe repression was achieved. This repression 
^uW ffrSSl. resulting in a considerable mduct.on of 

R-GAL activity at low IPTG concentrations. 

P Wc next wished to determine whe *%»»E™£5^ 
exnression from cells infected with vT71aeOlZ couH be 
^rn^d^nrough continuous induction at the fame of tafec- 
5™ « a ourttTf induction a. the late times after infection. 
These studies, in which the single Inducible vims is referred 
» ITtbe Vatfbpm system, were performed in comparison 
o the prXiovary described hybrk) VacA"? eoinfection sys- 
tem b£*V S opilmoi conditions for each system, cells 
werJ utfecTed wfi. VlTl-OIZ (Vac/Op^ or comfecjed 
with recombinant vaccinia viruses vTP7.3 
Jvae/ni in the absence or presence of either 15 oM or 1 mM 
Sim^eSJ (2 W or late (12 b) after mfecuon. 



(Recombinant vims vTF7-3 expresses T7 RNA polymcrtse 
andvTF7LZ,l contains the PTTJaeZ cassette.) Cell extracts 
weV prepared 24 h after infection and assayed tor £G AL 
expression by colorlmetric assay. As shown in Table 2. the 
mSEZ fllcAL^rvity was obtained when cells were uv 
t&JtSSnSSlto rp«serK»ofl5^IPTGadded 
at 2h postinfection (100%). This activity is approxiraat^y 
rwtfold^eater than that obtained f or tl^ cc^f^nsyS- 
ITT Similar results were obtained when oeUs were Infected 
w,Tn Se"^ by using the VacTTT system in 

Here s£as.«ss^rf23 

h after infection by the Vac/Op/T7 system. 

DISCUSSION 

We have described a unique mamrnoliari cell expression 
svsteVin which prokaryolie rxanscrirrtional and regulatory 
&nw were u£d to control the c^ress^on of « forc^n 
Lne carried by an animal virus boat vector- We selected 
Eriophagc T7 RNA polymerase for its Ng***"*? and 
catalytic properties and regulatory elements from 
lactone opeion for their ability to block txaascnption over 
sacral orders of magnitude. Vaccinia vims was chosen as a 
desuable vector system because it has a cytop asrmc mode 
^rep^a^nandU encodes mRNA xnodificaUor. cn^rncs 
which appear necessary for the translation of T7-specific 
^aSS (3, 7). In addition, vaccinia v jus «m repb«*tem 
a t^dTrfost ranae of ceU t>-pes and amplifies its genome from 
ltToOO tT20,0W copies per cell, thereby increasing th. copy 
number of the target geas template. 

Initial attempts were made to incorporate a T7 promoter 
into the genomVof a vacuinia vims recombinant that eoos* 
lutivclv expressed T7 RNA polymerase. These atiempts 
werTuLu^ss&l, presum^ly bcC3u^ of the ^J^V>>f 
properties of the polymerase, resulting m ^ mterferencc 
withvLl transcription and/or replication. Similar obsrava- 
^n\ have been reported for E. coli with ^ lc ^ en ^ ^ 
RNA polymerase expression present m an unmdveed I cell 
^ preveM. in some cizra, target ficnesfrorn bemg«tab- 
Ushed in the same cell. In fact, the use of T7 lysozyme to 
UhM such basal transcription was »e<*ssary to c*erco*e 
Sroblcm (4). These observations support the flndinethai 
^Kly small amounts of T7 RNA pSfymerase can direct 
moTof the resources Of at. E. coli cell toward ejcj^ion of 
a b »i Bene (27, 28). Furthermore, cells mfected with a 
virus recombinant expressing T7 RNA P^«^ 
^ d"rect 30% of total ceUular W to be initiated from a i T7 
P^moVer (14). Therefore, transfer of the E. eoUlac operator- 
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Tranefectior* 



infection 



Homologous recoflno I nation 
nyeoDnenolic actd selection 




1PTG: 




HO- 4. C^ruc*>aof atf^^ 

promoter (Pt,) and transcription terminator CM J^m^* ^ of TcC ombinaflt vaccinia virus vT7»*cOJ by 

Sva^HASpi "be r^uUte JnsertiOfl ^~*P*2Eftt^ virus tinned I vT7U*QIZ wOS 

homologous rficombinaiion. By U*m S M?A selection [5« " h Sl^n^lJl Confluent BSC-i cell monolayer were infceied with SO 

S^ntp . hifih titer, induction of t^AL infection. After , 2-d*y incubation, ih« 
PFU of vT7lac03Z per well in the absence (-) or presence (+) Of 10 U.M ir iu s«u« *t 
cell monolayer* were stained with X-Gol for 8 b. 



repressor system to regulate (be expression of T7 RNA 
polymerase was essential for stable incorporation of a T7 
oromotcr-cont rolled reporter gene. 

The stringency of repression of T7 IWa polymeraso was 
tested by using a hybrid promoter in which lacO was 
positioned immediately downsircam of vaccinia virus laic 
promoter Pll. The optimal positioning of the lacO se- 



aucnees was previously determined by using p-GAL as a 
reporter gene. Using the same promoter-orjerator ^o^ra- 
tion, we found that up to 99.9% repression of 1J-GAU 
expression was obtained (13). Similarly, In »Ws study, T7 
rjSa polymerase was repressed greater than ^ « ^aher 
MOls Addition of IPTG, however, induced egression to 
values at least 50% of maximum, resulting in an overall 
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A. 




10 20 
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TABLE 2. Comparison of M3AL expression from theVac/Op/T7 
system versus the Vac/T7 coinfectian system" 



FIG 5 Effects of IPTO induction on vT7tec01Z replication. (A) 
BSC-1 ceil monolayers were infected with vT7lacOlZ ai an MOlof 
1 PFU per c«ll. After 1 h, the ccOs were washed with EMEM 
containing 23% FBS and then overlaid with the same medium. 
vTTlacOIZrinCeCted cells (■) were Inhaled In the ^atoo« Of 
presence of I mM IPTO added at 1 3 (+), 6 (♦), 9 (O), or 12 {□) 
h postinlcctiori (pi). Cell tysatcs were prepared at d* indicated time 
points, including 34 b after infection, and titers for virus were 
determined by pfaqu* assay. <B) Confluent BSC-1 cell monolayers 
were infected with 100 PFU ofvT71acOl2per wcllio ^l!^ n ££ 
presence of the indicated concent rations of IPTO, After a 2-day 
incubation, the cell monolayers were stained with a solution oTO.lSb 
(wl/vol) crystal violet hi 20% cthano). 



BfMoId induction in polymerase activity. Interestingly, when 
the reporter gene was placed under the control of a T7 
promoter and tested in this system, only a sixfold induction 
was observed at the higher MOI (Table 2. MOI - 10). Tlus 
significant basal level of uninduced p-GAL activity probably 
results from the barely detectable amount of T7 RNA 
porymerasc activity formed in the absence of inducer. If 
necessary, * still higher degree of repression may be ob- 
tained by increasing the amount of repressor expressed 
and/or by using multiple copies of the operator. Since there 
was an approximately 1.000-foM excess of active repressor 
letiamer molecules present for each replicated vaccinia virus 
genome 24 h after infection, the latter approach of using 
multiple operators seems reasonable. In fact, insertion of a 



B-GAL expression 



IPTO (mMj 



Time <M 



VK/OpVT7 ot 
MOI 6ft 



10 



Vac/T7«t 
MOI of: 



10 



0 

0.015 
0.015 
1.0 
1.0 



2 
12 

2 
12 



8.0 
43.0 
39.8 
17-1 
«4.2 



16.S 24.6 40.7 

10QJ0 27.6 47.6 

74.7 NT NT 

52.4 263 42.8 

80-6 NT NT 



- BSC-l cell meeotayer* were iofcetod with v^^K (V^Ogrr?) w 
e^nfeaed with vTFM»nd vTF7L3ML (Vec/r7) f whh or without IPTG^^ 
Z*5U MOls. IPTG was added either 2 ~Ub^ urf£^^M^ 
were prepared 24 b p«uo(cction and assayed for p-OALaenvfty »s descneeo 

PT ^CAL l ^rcssim values <%) art relative to the maxanvm activity 
obtained. NT. ani tested. 

lac operator just downstream of a T7 promoter strongly 
represses transcription in E. co/i, yet the usual high levels of 
expression arc obtained after induction (4)* 

An interesting observation demonstrating the potency Of 
the Vac/Op/T7 system was the ability to titrate the repres- 
sion of virus replication by using increasing eventrations 
of IPTG. This effect could be due xo the burden of RNA 
overproduction and/or read-through transcription into dis- 
tally located viral transcription units, causing disruption of 
normal gene function. With regard to the Utter, theT7 late 
terminator, Td>. has been shown to terminate 17 RNA 
porymerasc procession 80 to 90* of the tiinc s either In vitro 
or in vivo (5, 22). Although Northern (UNA) blot analysasof 
T7-initiated transcripts from the hybrid Vac/T7 system inai- 
cated that the T7 termination signal was effectively used* SI 
nuclease analysis suggested that read-through transcription 
also occurred (14). Wbetlicr this amount of read-through 
impedes virus replication needs to be determined. Since TO 
is structurally similar to the rho-independent class of K coh 
terminators, use of strong ribosomal tcrrninators, such as 
rruBTl, may be one approach for improving the stringency 
of transcription termination. _ 

The general utility or this single virus Vac/Op/T7 system 
was demonstrated for the production of proteins at levels 
higher than those achieved by using the Vac/T7 coinfecnon 
system* Moreover, as optimal gene expression by using the 
Vac/X7 system is dependent on cells being coinfectcd with 
equal MOls of cwo recombinant viruses, the single-virus 
Vac/OpyT7 system could be used at a low MOI to establish a 
spread-big infection. Selection of viral mutants with a more 
persistent or prolonged mfcctiori phenotype in vitro, with 
reduced ability to replicate in vivo, may offer significant 
advantages and Is under investigation. For these reasons, the 
Vac/Op/T7 system may be more economical, easier to use. 
and less subject to variation than a confection system for 
large-scale protcio production. 
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